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Introduction
Pituitary adenylate cyclase activating polypeptide (PACAP), which is a member of the vasoactive intestinal polypeptide (VIP), secretin and glucagon family of peptides (Arimura 1998; Vaudry et al. 2000) , is co-localized with the acetylcholine synthesizing enzyme, choline acetyltransferase (ChAT), in the parasympathetic preganglionic fibers innervating the intrinsic cardiac neurons of guinea pigs and rats (Richardson et al. 2003) . Braas et al. (1998) determined, using a combination of reverse transcription polymerase chain reaction (RT-PCR) and immunocytochemical staining, that guinea pig intracardiac neurons express the PACAP-selective PAC 1 receptor. More recently, DeHaven and Cuevas (2002) demonstrated using RT-PCR that rat neonatal intracardiac neurons express both PAC 1 receptors and VPAC receptors. However, there are multiple isoforms of the PAC 1 receptor and the PAC 1 receptor isoforms expressed by adult guinea pig and neonatal rat intracardiac neurons are different (Braas et al. 1998; DeHaven and Cuevas, 2004) .
PACAP markedly increases excitability of both guinea pig and rat intracardiac neurons (Braas et al. 1998; DeHaven et al. 2004) . In guinea pig intracardiac neurons, PACAP was much more effective than VIP suggesting that the increase in excitability apparently requires activation of only PAC 1 receptors (Braas et al 1998) . In contrast, DeHaven and Cuevas (2004) reported that the increase in excitability by PACAP in rat neonatal cardiac neurons required coactivation of PAC 1 and VPAC receptors. These authors also demonstrated that activation of VPAC receptors expressed on rat neonatal intracardiac neurons mediated a VIP-or PACAP-4 induced rise in intracellular calcium ([Ca 2+ ] i ) and proposed that the PACAP-induced increase in excitability in rat neonatal intracardiac neurons required Ca 2+ release from internal stores.
Given that the cardiac neurons in adult guinea pigs and neonatal rats apparently express different combinations of receptors, the present studies were undertaken to test whether Ca 2+ release from internal stores also was required for the PACAP-induced increase in excitability in adult guinea pig intracardiac neurons. We determined that neither PACAP nor VIP elicits a rise in [Ca 2+ ] i in dissociated adult guinea pig intracardiac neurons. In addition, treatment with a combination of ryanodine and caffeine to inhibit the release of Ca 
Experimental Procedures
General Methods
Experiments were performed in vitro on atrial whole mount preparations containing the intrinsic cardiac ganglia from Hartley guinea pigs (either sex; 250-350 g). Guinea pigs were killed by halothane or isoflurane overdose followed by exsanguination using animal protocols approved by the University of Vermont Institutional Animal Care and Use Committee and the Ithaca College Institutional Animal Care and Use Committee and methods described in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize the number of animals used and their suffering. The heart was quickly removed and placed in cold standard Krebs solution (in mM: 121 NaCl, 5.9 KCl, 2.5 CaCl 2 , 1.2 MgCl 2 , 25 NaHCO 3 , 1.2 NaH 2 PO 4 , 8 glucose). The pH was maintained at 7.4 by aeration with 95% O 2 -5% CO 2 .
For experiments to quantify barium currents (I Ba ) through voltage-dependent calcium channels or to measure [Ca 2+ ] i transients with fluo-3 fluorescence, the neurons were dissociated from the cardiac ganglia whole mount preparation using techniques described previously . After dissection of the cardiac ganglia, the tissue was dissociated by incubation at 37 o C in 10 mg/ml collagenase A (Roche Molecular Biochemicals, Indianapolis, IN) for 35 minutes, then incubated for another 35 minutes in the same enzyme solution to which 5 mg/ml trypsin XII-S (Sigma Chemical Co., St. Louis, MO) was added. Following dissociation, the neurons were placed in Eagle Minimal Essential Medium (HEPES modification) containing 2 6 mM CaCl 2 and supplemented with 10% fetal bovine serum, 0.1% bovine serum albumin, 1 mg/ml DNase I, 100 units/ml penicillin, 100 µg/ml streptomycin, and 100 µg/ml gentamicin (All from Sigma Chemical Co., except DNase I from Worthington Biochemical Corp., Lakewood, NJ). The cells were stored overnight in a 37 o C incubator before recording.
Intracellular recordings from neurons in whole mount preparations
For intracellular recordings, atrial whole mount preparations were pinned in a 2.5 ml Sylgard-lined chamber and superfused continuously (2-3 ml/min) with Krebs solution also containing 10 mM HEPES buffer (33-35 o C) (Braas et al. 1998; Hardwick et al. 1995 Hardwick et al. , 1997 Cardiac ganglia were visualized with an inverted microscope equipped with Hoffman optics and individual intracardiac neurons were impaled using high impedance borosilicate microelectrodes (2 M KCl-filled; 60-100 MΩ). Active and passive membrane properties were recorded from the impaled neurons using an Axoclamp-2A amplifier coupled with a Digidata 1322A data acquisition system and pCLAMP 8 (Axon Instruments, Foster City, CA, USA). In some cells hyperpolarizing current was injected through the recording electrode to ensure that action potential generation was tested at the same potential prior to and following PACAP application. When current was applied, the resting membrane potential was maintained between -55 and -65 mV, values within the range of membrane potentials recorded from these cells (Hardwick et al. 1995; Hardwick et al. 1997; Braas et al, 1998; Zhang et al. 2001 ).
Because PACAP27 was determined previously to be more effective than PACAP38 on guinea pig intracardiac neurons (Braas et al. 1998; Braas et al. 2004) , it was used exclusively in this study and is referred to as PACAP throughout the text. PACAP was applied by local pressure application (6 psi) (Picospritzer, General Valve, Fairfield, NJ, USA) through ~5 µm-diameter "puffer" pipettes containing 50 µM PACAP and positioned 50-100 µm from the neuron. Depolarizing current steps (0.1-0.3 nA, 500 or 1000 ms) were given to characterize changes in neuron excitability before and after PACAP application. Excitability curves were constructed by plotting the number of action potentials generated by increasing stimulus intensities. When both 500 and 1000 ms steps were used to test excitability in a given experimental condition, the number of action potentials generated during the first 500 ms were used to construct the excitability curve.
Recordings of I Ba in dissociated intracardiac neurons
The perforated patch configuration of the whole cell patch clamp technique (Horn and Patch pipettes were backfilled with 0.2 mg/ml amphotericin B (Sigma, St. Louis, MO).
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Bath solutions were applied by a gravity flow system (5-8 ml/min) to a 0.5 ml bath chamber. The temperature was maintained at 33-36 ºC by an in-line solution heater controlled by a single channel heater controller (Warner Instruments, Hamden, CT). PACAP (100 nM) was added to the bath solution and applied to isolated neurons by gravity flow.
Voltage step protocols were generated and currents were recorded with an Axopatch 1-C amplifier in combination with a Digidata 1322A and pCLAMP 9 acquisition system using sample rates ranging from 5 to 50 kHz. Currents were filtered at 2 kHz and were leak subtracted using a P/5 subpulse protocol. The methods followed protocols used previously by our lab to record I Ba in mudpuppy intracardiac neurons (Merriam and Parsons 1995) . Reported voltages were not corrected for series resistance (except the IV plot in Figure 6B Regions of interest corresponding to the cytoplasm of the neurons were selected from the raw image files and average brightness over time plots were generated. Files generated by the DeltaVision microscope were corrected for variations in lamp intensity (recorded by a diode at the same time as image acquisition). The data sets were then corrected for dye bleaching using 
Statistical evaluation
Paired and unpaired Student's t tests were used to evaluate differences between means as appropriate. Differences were considered statistically significant if P < 0.05. -sensitive dye fluo-3. PACAP (100 nM or 1 µM) was applied for 1-3 minutes to dissociated neurons loaded with fluo-3. PACAP (13 cells at 100 nM, 4 cells at 1 µM) produced no change in F/F o ( Figure 1A) . In additional experiments, we determined that VIP also did not elicit a rise in [Ca 2+ ] i (13 cells at 100 nM, 3 cells at 1 µM) ( Figure 1B ).
Results
PACAP does not initiate
To insure that the cells were adequately loaded with the Ca 2+ -sensitive dye and changes in [Ca 2+ ] i could be observed, the same cells also were challenged with 10 mM caffeine to initiate Ca 2+ release from internal stores (Locknar et al. 2004; Smith and Adams 1999) . As is evident from inspection of Figure 1, Previously, we demonstrated that PACAP increases excitability in dissociated guinea pig intracardiac neurons . In addition, the results of the preceding experiments suggested that a PACAP-induced Ca 2+ release from internal stores must not be required for this effect. Consequently, we initiated electrophysiological experiments using neurons in the cardiac ganglia whole mount preparation to establish whether Ca 2+ influx, rather than Ca 2+ release from internal stores, might be required for the PACAP-induced increase in excitability.
For these experiments, intracellular recordings of neurons in whole mount ganglia preparations were used to quantify the change in membrane excitability initiated by puffer application of PACAP (Braas et al. 1998) . Following a 500 msec PACAP application, a variable depolarization (4-15 mV), which lasted up to a few minutes, was sometimes produced.
Because the extent of the depolarization was variable, we have not quantified the PACAPinduced depolarization in this study. Rather, the emphasis of this study focused on mechanisms involved in the PACAP-induced enhancement of excitability. Excitability was tested once the peptide-induced depolarization subsided, by applying long duration, depolarizing current pulses of increasing intensity to elicit action potentials. An excitability curve was generated by plotting the number of action potentials initiated as a function of the current strength (Braas et al. 1998) . The majority of the guinea pig intracardiac neurons in the whole mount preparation are phasic so that long depolarizing current pulses only elicit 1-2 13 action potentials regardless of current strength (Hardwick et al. 1995) . However, PACAP can enhance excitability in phasic cells so that additional action potentials are generated by the depolarizing current pulses (Braas et al. 1998) . Less than 10% of the intracardiac neurons in the whole mount ganglia preparation are tonic and fire multiple action potentials during a long current pulse (Hardwick et al. 1995) . Although PACAP also enhanced excitability of tonic cells, the change in action potential generation in tonic cells was not included in the averaged data. PACAP enhances excitability in both phasic and tonic neonatal rat intracardiac neurons as well (DeHaven and Cuevas 2004) . Figure 2A demonstrates the increase in excitability produced following PACAP application to a phasic cell and the results from 9 phasic cells are summarized in Figure 2B . The PACAPinduced increase in excitability often was long lived, lasting many minutes following a single application. Subsequent applications of PACAP repeatedly enhanced excitability.
We next tested whether the PACAP-induced increase in excitability remained when preparations were bathed in a Ca In separate experiments, we tested whether omitting Ca Figure 5A,B) .
PACAP inhibits barium current (I Ba )
The inability of PACAP to enhance excitability in cells exposed to the Ca were applied before and during superfusion with 100 nM PACAP. In addition, the I-V relationship was determined prior to and during PACAP application. As shown in Figure 6 , PACAP reversibly inhibited peak I Ba . In 6 cells, 100 nM PACAP decreased peak I Ba by 46 ± 7% demonstrating that PACAP inhibits the macroscopic I Ba through VDCCs.
The PACAP-induced increase in excitability does not require L-type calcium channels
Intracardiac neurons express a number of different VDCCs with the predominant type 
Disruption of Ca
2+ release from internal stores does not eliminate the PACAP-induced increase in excitability
Although fluo-3 imaging experiments indicated that PACAP did not elevate global Ca 2+ levels, it was considered possible that the change in [Ca 2+ ] i was too localized for detection by our imaging methods. We undertook additional experiments to ensure that Ca 2+ release from internal stores was not required for the PACAP-induced increase in excitability in adult guinea pig intracardiac neurons. DeHaven and Cuevas (2004) reported that treatment with ryanodine to block Ca 2+ release from internal stores eliminated the PACAP-induced increase in excitability in the dissociated neonatal rat intracardiac neurons. Consequently, we tested the effect of ryanodine treatment on the PACAP-induced excitability change in adult guinea pig intracardiac neurons in the whole mount preparation. In the present experiments, whole mount cardiac ganglia preparations were pretreated with a 20 µM ryanodine/10 mM caffeine containing solution for 5 minutes and, for most experiments, the preparations were then returned to drug-free solution before testing the effect of PACAP on excitability. In a few experiments, the bathing solution contained ryanodine throughout the experiment. The results were similar with both conditions. In 6 cells following ryanodine/caffeine pretreatment, PACAP consistently increased excitability (Figure 7) providing direct evidence that a peptideinduced release of Ca 2+ from internal stores was not required for the increased excitability. stores to be dumped, while ryanodine at micromolar concentrations blocks the release channels (McPherson et al. 1991; Meissner 1994) . The lack of a second response to caffeine suggests 22 that either the internal Ca 2+ stores which were dumped during the first application of caffeine/ryanodine exposure were not adequately refilled or that ryanodine blocked the release channels so that Ca 2+ could not be released even though internal stores had begun to refill.
Thus, the effect of the ryanodine/caffeine pretreatment appears to be irreversible on our time scale and eliminates subsequent release of Ca 2+ from internal stores.
PACAP can exert its influence through three G-protein coupled receptors, the PAC 1 receptor and two VPAC receptors (Vaudry et al. 2000) . The PAC 1 receptor is selective for PACAP, with VIP being ~ 1000 fold less effective. In contrast, the VPAC receptors are equally sensitive to VIP and PACAP. Braas et al. (1998) demonstrated that adult guinea pig intracardiac neurons express the PAC 1 receptor. More recently, DeHaven and Cuevas (2002) reported that dissociated neonatal rat intracardiac neurons can express both PAC 1 and VPAC receptors. Based on the electrophysiological results, Braas et al. (1998) postulated that the PACAP-induced increase in excitability in adult guinea pig intracardiac neurons is mediated by PAC 1 receptors because PACAP was more effective than VIP. In addition, recent studies of other PACAP actions on guinea pig intracardiac neurons consistently suggest that these effects also are mediated through activation of PAC 1 receptors rather than VPAC receptors. For instance, PACAP decreases somatostatin expression (Braas et al. 2004) and enhances I h . VIP was considerably less effective than PACAP in both studies. In rat neonatal intracardiac neurons, both VIP and PACAP initiate a rise in [Ca 2+ ] i , an effect mediated through VPAC receptors (DeHaven and Cuevas 2004) . In the present study, neither PACAP nor VIP elicited a rise in [Ca 2+ ] i , an observation consistent with the absence of VPAC 23 receptor expression in guinea pig intracardiac neurons. Consequently, we tentatively suggest that adult guinea pig intracardiac neurons do not express VPAC receptors.
In conclusion, PACAP increases excitability in adult guinea pig intracardiac neurons and neonatal rat intracardiac neurons (Braas et al. 1998; DeHaven and Cuevas 2004) . In both species, the change in excitability occurs in both phasic and tonic type neurons. However, some mechanisms responsible for the increased excitability differ in the intracardiac neurons from these two species. In dissociated rat neonatal intracardiac neurons, a synergistic activation of PAC 1 receptors and of VPAC receptors coupled with a rise in [Ca 2+ ] i is required for the enhanced excitability (DeHaven and Cuevas 2004) . In contrast, in adult guinea pig intracardiac neurons the enhanced excitability requires activation of PAC 1 receptors alone, followed by Ca 
